The traditional approach to the road network design problem focuses on the optimization of the network efficiency under a given budget. Generally, this leads to the improvement of roads next to the largest population centers, where travel demand is higher. Such implications are not consistent with sustainable development principles since this will tend to increase the dissimilarities between large and small centers' welfare. Notwithstanding this, equity issues were rarely taken into account in road network design. Moreover, all existing studies rely on a single equity measure. In this paper we propose a brief review of equity concerns in transportation planning and present a comparison of alternative equity measures. We selected three different equity measures and incorporated them into an accessibility-maximization road network design model. The three equity measures considered reflect different perspectives on equity: the accessibility to low-accessibility centers; the dispersion of accessibility values across all centers (Gini Coefficient); and the dispersion of accessibility values across all centers and across centers in the same region (Theil Index). The implications of adopting each one of these equity measures are illustrated through the application of the optimization model to three random networks.
INTRODUCTION
Most road network design approaches focus on improving the efficiency of a network by allocating a given budget to the construction of new roads and/or to the improvement of existing roads. The efficiency of the network is commonly assessed through generalized travel costs or aggregate accessibility measures. In both cases, the efficiency of the network is sensitive especially to improvements of links from and to the larger population centers of a network. These are, generally, the links with higher traffic flows in the network, for which a reduction in travel time can imply a significant reduction of generalized travel costs or aggregate accessibility values. Therefore, because of budgetary constraints, this type of approach usually leads to dense road networks next to the larger centers and to sparse road networks next to the smaller centers. A potential consequence of this will be the increase of regional disparities. This is certainly not the best solution for regions (or countries) looking for a well-balanced road network, capable of promoting regional cohesion (1) .
Excessively uneven accessibility conditions in a region are not consistent with sustainable development principles (2) . For this reason, equity issues should play an important role in road network design. Notwithstanding this, the integration of equity objectives in transportation planning is recent. Most of the initial studies including equity issues in transportation dealt with the fairness of transportation policies. Few studies in road network design took into account equity issues. Even for those few cases, the evaluation of equity relied on a single measure. In our opinion, it is necessary to consider alternative equity measures in road network design, and compare their implications.
In this paper we present a brief review of equity measures in transportation planning and present a comparison of alternative equity measures. We selected three different measures and incorporated them into an accessibility-maximization interurban road network design model. The three equity measures considered were: the accessibility to low-accessibility centers; the dispersion of accessibility values across all centers (Gini Coefficient); and the dispersion of accessibility values across all centers and across centers in the same region (Theil Index). The implications of adopting each one of these equity measures are illustrated through the application of the optimization model to three random networks.
The paper is organized as follows. In the next section, we introduce the equity issue and discuss the incorporation of equity into transportation planning. Then, we describe the formulation of the optimization model and present the equity measures. After that, we describe the results obtained through the model for the random networks. Finally, we provide some concluding remarks.
EQUITY CONCEPTS
"Equity" refers to the fairness and justice of the distribution of the impacts (benefits and costs) of an action on two or more units. Depending on the available data and the chosen equity (or inequality) measure, units can stand for individuals or groups. For the definition of groups, one can use collective units, such as households, disabled people, non-drivers, land-use type, or regions, and characteristics, such as income, travel cost, population, or age.
The concept of equity has been extensively used in different disciplines, e.g., geography (3, 4) , medicine (5, 6) , sociology (7, 8) , economy (9) , and political sciences (10) . In the decisionmaking field, equity measures are commonly used to assess the economic and social impacts of different development scenarios. Despite the increasing effort to incorporate equity in decision-making models, there is little agreement about the best way to assess equity. A large number of measures can be found in the literature, but we are still far from a general consensus on the best measure(s) to use in each case. Still, few attempts have been made until now to assemble these measures, compare them, and define appropriate measure(s) for each type of application. One of the rare exceptions is Marsh and Shilling (11) , where a detailed review of equity measures for public facility planning is presented.
In the transportation field, until the end of the nineties, equity issues were generally limited to the evaluation of the economic impacts of transportation policies. In most cases, these studies regarded distribution of policy impacts between different social groups in the case of the introduction of road prices in some links of the network (12, 13) . It was only in 2002, when Meng and Yang (14) demonstrated that in the continuous network design problem the benefits of a capacity enhancement in some selected links can lead to an increase in travel costs for some (O-D) pairs, that the debate of equity issues in transportation network design became more intense. Yang and Zhang (12) , also observed that for the congestion pricing problem there were significant differences between the benefits of some (O-D) pairs. Thus, in addition to the equity issues involving social groups they proposed the consideration of spatial equity in the road pricing problem.
After these studies, some other authors proposed the inclusion of equity concerns in network design problems. Antunes et al. (15) considered the distribution of accessibility gains across population centers in an accessibility-maximization model. Cheng and Yang (16) included spatial equity as a constraint in the link capacity improvement problem with demand uncertainty. More recently, Szeto and Lo (13) proposed the integration of equity in a time-step network design problem. They considered social and user equity for different periods of time.
All the measures used in the previous studies applied to equity across all individuals or groups regardless of their characteristics, needs or resources -that is, horizontal equity or egalitarianism. Another way of considering equity is by differentiating the impacts across individuals or groups that have different abilities or needs -that is, vertical equity or social inclusion. The concepts of horizontal and vertical equity were already present in equity studies in different disciplines when they were first introduced in the transportation field. Feng and Wu (17) made use of both concepts in a network design model. The aim was to have equitable accessibility across all the population centers of the study area (horizontal equity) and across the centers of the same region within the study area (vertical equity).
DESIGN MODEL
A considerable amount of research effort has been devoted to road network design models over the last forty years (see Yang and Bell (18) for a relatively recent review). Most of this effort was directed towards problems where the objective is to minimize the total network costs required to accommodate given traffic flows, assuming route choices to follow a user equilibrium pattern. In our opinion, this objective does not match the needs of long-term interurban road network design because of reasons that are thoroughly explained in Santos et al. (19) . A better match would be achieved if the objective were to maximize the aggregate accessibility to population centers with a given budget. The match would be even better if other objectives were also taken into account. This is the case of the optimization model proposed in this paper, which includes an equity objective. The model can be formulated as follows:
where Z is the normalized value of a solution; w A and w E are the weights attached to accessibility and equity; A and E are the values of a solution in terms of each objective; A B and A 0 (E B and E 0 ) are reference maximum and minimum values for each objective; N is the set of centers; P j is the population of center j; A j is the accessibility of center j; y = {y lm } is a matrix of binary variables equal to one if link l is set at road type m and equal to zero otherwise; C jk is the generalized cost for traveling between centers j and k; β is an impedance parameter; η is the equity measure; M l is the set of possible road types for link l; L is the set of links; T l is the estimated traffic flow in link l; F m is the maximum service flow for a link of road type m; e lm is the expenditure required to set link l at road type m; and b is the budget. The (main) decision variables of this non-linear combinatorial optimization model are the y variables, which represent the road type to assign to the various links of the network. The objective-function [1] expresses the normalized value of model solutions considering both an accessibility objective and an equity objective. Weights are applied to the objectives to reflect their relative importance. Constraints [2] and [3] define the accessibility measure to be used, which is based on a widely-used measure proposed by Keeble (3) . Constraint [2] defines aggregate accessibility and constraint [3] defines the accessibility of each center. Constraint [4] defines the equity measure as being dependent on the road type assigned to the various links of the network (several alternatives for the equity measure are presented below). Constraints [5] guarantee that each link will be set at one, and only one, road type. For some links, it may be undesirable to choose some road types because of environmental reasons. This is the reason why the set of road types (M l ) is indexed in the link. Constraints [6] ensure that the traffic flow estimated for each link will not exceed the maximum service flow consistent with the road type chosen for the link. Traffic flows on links are determined by assigning O/D traffic flows calculated with an unconstrained gravity model to the network assuming trips to be made through least-cost routes. Constraint [7] guarantees that the budget available for improving the network will not be exceeded. Expression [8] defines the domain for the decision variables.
EQUITY MEASURES
Many equity measures have been proposed in the literature expressing different perceptions of fairness, but there is little agreement about the best measure(s) to apply in different situations. Besides this, different perspectives on equity can lead to different rankings of solutions and, ultimately, result in contradictions (20). Consequently, it is risky to assess equity based on a single measure without a comprehensive examination of several measures and their implications.
To the best of our knowledge, until now, all the studies that incorporated equity objectives in road network design relied on a single measure. There are no works reported in the literature comparing the application of alternative equity measures. In this paper we selected three of these measures for comparison within the optimization model presented before. We used an absolute concern with equity, since network improvements are aimed at an equitable distribution of accessibility across all nodes. A possible option would involve the distribution of accessibility gains, therefore a relative concern with equity.
Accessibility of low-accessibility centers
In road network design, when the only objective is the maximization of accessibility, one can end up with a solution where the largest accessibility gains occur in the most developed areas. The difference between centers with higher accessibility and centers with lower accessibility will tend to increase. One natural way of decreasing the disparities between centers is to increase the accessibility of the centers that have lower accessibility, rather than those with higher accessibility. In order to represent this idea we selected the accessibility of a given percentage of centers with lower accessibility as an equity measure (14):
where N P ε is the set of ε-percent centers with lower accessibility. This is a simple vertical equity measure. Centers with lower accessibility are favored in relation to other centers.
Gini Coefficient
In a perfect, fully-equitable region, all centers would have exactly the same accessibility. A good way to measure the inequality of a situation is to compare it with a perfect region. To do this, we can resort to the Gini Coefficient or Gini Index, one of the most widely used measures of inequality. For the application of this measure in this study we used the following formulation:
where n is the number of centers that belong to N, and Ā is the average accessibility to centers that belong to N. The Gini Coefficient can be defined as a measure of dispersion scaled by twice the value of the mean. In practice, it measures the relative difference between what we have and what would be a perfect situation. The value of the coefficient belongs to the interval [0,1] and the lower the value is, the closer it is to the perfect situation.
This measure is a horizontal equity measure since every center is treated in the same way.
Theil Index
In some situations, minimizing inequalities between individuals or groups can be as important as minimizing inequalities within groups. For instance, when considering a country divided into regions, we should aim at minimizing the inequalities existing in those regions and, at the same time, the inequalities between the different regions of the country. In order to represent this idea we selected the Theil (Inequality) Index (21):
where G is the set of groups (e.g. regions), Â g is the weight of group g∈G in the accessibility to all centers, T g is the Theil Index of group g, Ā g is the average accessibility to centers of group g, Ā is the average accessibility to all centers, N g is the set of centers that belong to region g, and n g is the number of centers that belong to region g.
Expression [11] defines the Theil Index of the region, considering the inequality within each sub-region (first term) and the inequality across the sub-regions (second term). Expression [12] defines the share of accessibility to the centers of a region when related to the accessibility to all centers and expression [13] defines the Theil Index of each region.
Due to its decomposability properties, the Theil Index is a popular measure, used for example to assess income dispersion across regions. The Theil Index takes values between zero (perfect equality) and ln(n) (maximum inequality) and, as it happens with the Gini coefficient, it measures the difference between a perfect situation and the actual situation. However, in contrast with the other measures selected, the Theil Index lacks an appealing interpretation.
This measure is, simultaneously, a horizontal and a vertical equity measure since it considers both concepts of equity -horizontal as it deals with all the centers in the same way, and vertical as it deals with centers according to the region they belong to.
MODEL APPLICATIONS
In order to compare the results that one can obtain when using the different equity measures, we applied the optimization model to three random road networks defined for a territory with the shape of a square with sides equal to 100 km and a given number of centers (cities) with population following a Zipf distribution. The three networks are depicted in Figure 1 (and described in detail in Appendixes A and B). They consist of two networks of 10 population centers and one network of 20 population centers. The centers are connected by links. In addition, some additional, pre-defined links can be built in the future. The centers were named according to their population ranking: center 1 is the largest center; center 2 is the secondlargest; and so forth. The territory is divided into four regions, each one corresponding to a quadrant of the plane -northeast, northwest, southwest and southeast. Most existing roads are slow two-lane highways (free-flow speed equal to 70 km/h). Other road types are fast two-lane highway (90 km/h), and four-lane freeway (120 km/h). Detailed information about centers and links of the three networks can be found in Table 1 and Table 2 . The costs per kilometer for road construction and upgrading are presented in Table 3 . The budget available for the improvement of each network was set equal to 25 percent of the total expenditure involved in upgrading all links to a three-lane freeway. The networks were generated through the procedure described in Santos et al (22). We used small networks for these exercises because this makes the results obtained through the model easier to understand and discuss.
For solving the model, we used the enhanced genetic algorithm previously developed for the same model without the equity objective (22). When applied to large networks (with up to 200 links), this algorithm has been shown to give excellent solutions as compared to classic local search and genetic algorithms within acceptable computing effort (eight hours). When applied to small networks (up to twenty links), for which we were able to find optimum solutions through complete enumeration only after several hours, it was always able to identify optimum solutions in a few seconds.
The model was first applied to the networks considering only the accessibilitymaximization objective. Then, the equity objective was added to the model, considering separately the three measures introduced above. Both objectives were given the same weight (50/100).
Maximization of accessibility
When only the accessibility-maximization objective is considered, the optimum solution consists mainly of improving links connecting large centers, with the remaining budget being assigned to the upgrade of links connecting either large centers to neighboring small centers or two neighboring small centers with each other (Figure 2a) . For all the three networks, the five largest centers are connected with each other by four-lane freeways. The budgetary constraint prevents the upgrade of other links, resulting in a low accessibility to centers located far away from the larger centers. This is the case of Centers 6 and 7 in Network 1, Centers 8 and 10 in Network 2, and Centers 15, 18, and 20 in Network 3.
As we could expect, the average accessibility obtained when only the accessibilitymaximization objective is considered is always higher than the accessibility obtained when equity objectives are added (Table 4) . It is also for that objective that the largest accessibility gap occurs (by accessibility gap we mean the difference between the highest and the lowest accessibility values obtained for the centers of a region). In addition, when we compare the average accessibility for the four regions of each network, the highest standard deviation occurs when only the accessibility-maximization objective is considered.
The solutions obtained with only the accessibility-maximization objective will be used as reference solutions from this point forward.
Maximization of accessibility to low-accessibility centers
When we introduce equity concerns in the road network model, the results change considerably. In the case of considering the accessibility of the 20-percent centers with lower accessibility, the optimum solutions involve, in most cases, the upgrade of links connecting centers with poor accessibility that have either large centers close to them or small centers very close to them (Figure 2b ). That is, we obtain optimum solutions for which the accessibility gap is clearly smaller. For example, in Network 1, the two centers with lower accessibility were Center 6 and Center 7. These centers are now connected with each other by a freeway and connected to other centers by a fast two-lane highway. Their accessibility (the accessibility of the NE region) increased by 15.5 percent. Because of the budget constraint, there are fewer freeways in the south when compared to the reference solution. In Network 2, Centers 4 and 8 were the centers with lower accessibility. Center 4 was already in the reference solution connected to the largest centers by freeway. Little was still to do in order to increase its accessibility. However, the accessibility of Center 8 is now increased by 20.2 percent by connecting this center to the nearby Center 5 by freeway and by building a new road between Center 5 and Center 1. In Network 3, the four centers with lower accessibility were Center 15, Center 18, Center 20, and the peripheral Center 1. The solution to increase the accessibility to these nodes was the construction of a freeway connecting all these nodes. This freeway starts at Center 1, passes through Centers 2, 15, 18, and 20, and ends at Center 4. The cost of this new freeway corridor prevents the existence of other freeways in the SW region that existed in the reference solution.
As we could expect, for all the three networks, the accessibility of the 20-percent centers with lower accessibility is always higher when we include this equity measure.
Gini Coefficient minimization
When the Gini Coefficient is included as the equity measure, the optimum solutions generally involve the upgrade of links that increase the accessibility to centers with accessibility lower than average to the detriment of the links connecting centers with good accessibility (Figure 2c ). For example, in Network 1, the accessibility to Centers 6 and 7, NE region, is improved by 14.0 percent while the accessibility of the SW region decreases by 10.0 percent. In Network 2, the disparity between south and north is diminished. For example, the accessibility of the SE region increases by 13.3 percent, while the accessibility of the NW and NE regions decreases by 13.1 and 14.7 percent, respectively. In Network 3, to increase the accessibility to low-accessibility centers, such as Centers 1, 7, 15, and 18, there is a decrease in the accessibility to the nodes of the SW region. The accessibility to Centers 1, 7, 15, and 18, increases by 3.1, 13.5, 17.3, and 18.9 percent, respectively. The accessibility of the SW Region decreases by 11.1 percent.
With the inclusion of the Gini Coefficient as the equity measure the accessibility gap decreases considerably for all three networks -19.3 percent for Network 1, 31.4 percent for Network 2, and 14.8 for Network 3.
Theil Index minimization
When the Theil Index is included as the equity measure, the optimum solution reflects the concern of minimizing the differences of accessibility within the region and the differences of accessibility within each of the four regions. In general, the regions will be more homogenous, with a more balanced distribution of fast connections across all regions (Figure 2d) . In Network 1, the lower average accessibility occurred for NE region, but with the incorporation of the Theil Index the average accessibility of that region increases by 12.6 percent. For the SE region, where the average accessibility was also low, the average accessibility does not increase but is not as penalized as it was in the solutions obtained for the other equity measures. In Network 2, the SE region is favored in relation to the other regions. The average accessibility of this region increases by 11.8 percent. In Network 3, the NE region is the favored region with an average accessibility increase of 3.5 percent. In this larger network it is possible to verify that when the Theil Index is considered as the equity measure we obtain a more balanced distribution of freeways across the four regions.
For Network 1 and Network 2, the values of the standard deviation are much lower for this equity measure than for the other measures. This means that there is more of a balance between the four regions. For Network 3, the standard deviation is slightly higher when maximizing for the Theil Index than when maximizing for the Gini Coefficient, even though the Theil Index is lower (12.5 percent). The reason for this is because the accessibility to centers within each region is more equitable in this case.
CONCLUSION
In this paper, we presented a brief review of equity concerns in transportation planning. Many equity measures have been proposed in the literature, expressing different perceptions of fairness. However, there is little consensus about the appropriate measure(s) to apply in different situations. For this study, we selected three different equity measures. We provided a comparison of these measures by incorporating them in an accessibility-maximization road network design model and applying the model to three random networks. We verified that, depending on the equity measure used, we can have considerably different results, reflecting different concepts of equity. As a result, for the best evaluation of equity it is imperative to have a good knowledge of the problem as well as of the issues involved (social, economic, environmental, etc.). Furthermore, for a comprehensive consideration of equity concerns in road network design, the incorporation of more than one equity measure in the optimization model can be necessary. The inclusion of different equity perceptions can result in a conflict of interests but can provide a more consistent analysis of equity. Hence, the incorporation of more than one equity objective in the optimization model used in this paper can be an interesting extension to this work.
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